Abstract: Hydroxyethyl cellulose (HEC) was studied as corrosion inhibitor for mild steel and aluminium in 0.5 M H 2 SO 4 solution using weight loss and electrochemical techniques. The results revealed that HEC inhibited corrosion of mild steel and aluminium in sulphuric acid environment. Inhibition efficiency was found to depend on concentration of the inhibitor. Impedance results revealed that HEC was adsorbed on the corroding metal surface while polarization results show that HEC inhibited both anodic and cathodic reactions of mild steel but showed anodic dissolution reaction on aluminium due to destabilization of the passive oxide film on the Al surface and inhibited only cathodic reaction. Inhibition of corrosion reaction in the acidic medium by adsorption on the metal/solution interface follows Langmuir and Freundlich adsorption isotherms. Also, inhibition efficiency increased with rise in temperature. Local reactivity of the HEC molecule was analyzed theoretically using the density functional theory. The theoretical predictions showed good agreement with experimental results.
INTRODUCTION
Metals and alloys are exposed to the action of acids in industrial processes where acids play important roles such as in oil well acidizing, acid pickling, acid cleaning and acid descaling [1] . The effects of the acids on metals could be destructive leading to metal corrosion. Corrosion inhibitors are usually added to the acid solutions to minimize metal loss and reduce acid consumption [2] [3] [4] [5] [6] [7] . However, some of these corrosion inhibitors are very inimical to public health [8] [9] [10] [11] [12] and this has necessitated the search for eco-friendly corrosion inhibitors for metals in acid solutions.
Many researchers have studied the effect of some synthetic organic inhibitors on the corrosion of steel in sulphuric and hydrochloric acid solutions with positive results [13] [14] [15] [16] [17] [18] [19] [20] . The exploitation of polymers as corrosion inhibitors has recently attracted considerable attention. The corrosion inhibition of low carbon steel in phosphoric acid by polyvinylpyrrolidone (PVP) and polyethyleneimine (PEI) as inhibitors has been reported [21] . Polarization and weight loss studies showed that both polyvinylpyrrolidone and polyethyleneimine are effective for the inhibition of low carbon steel over a wide range of aqueous phosphoric acid solutions. Corrosion inhibition of mild steel in sulphuric acid solution using polyethylene glycol methyl ether (PEGME) has been reported using electrochemical polarization (galvanostatic and potentiostatic) techniques [22] . It was *Address correspondence to this author at the Department of Polymer and Textile Engineering, Federal University of Technology, P.M.B. 1526, Owerri, Nigeria; Tel: +234 703 042 0870; E-mail: innocentarukalam@yahoo.com found that PEGME is a very effective corrosion inhibitor for mild steel in acidic medium. The inhibiting power of these polymers is related structurally to the aromatic rings, presence of conjugation and hetero-atoms (oxygen, sulphur, phosphorus and nitrogen) that are the major functional centres of adsorption [23] .
Hydroxyethyl cellulose is widely used in cosmetics, as well as cleaning solutions and other household products. Presently, to the best of our knowledge, there is no reported work on inhibitive effects of hydroxyethyl cellulose on corrosion of mild steel and aluminium in sulphuric acid solution. Therefore, we consider it necessary to study the effect of hydroxyethyl cellulose on acid corrosion inhibition of mild steel and aluminium in sulphuric acid.
MATERIALS AND METHODS
Hydroxyethyl cellulose sourced from Sigma-Aldrich, Fluka analytical, Germany was used as obtained, and four different concentrations of the inhibitor solutions ranging from (500 mg/L -2000 mg/L) was prepared. Sulphuric acid used was of BDH AR grade. 0.5 M H 2 SO 4 solution was also prepared and used as corrodent. Mild steel coupons having weight-percentage composition of C = 0.04, Si = 0.02, Mn = 0.04, Cu = 0.06, Cr = 0.05, and remainder Fe and aluminium sheets of the type AA 1060 and purity 98% were used in this study. The coupons were used as cut without further polishing but were however degreased in absolute ethanol, dried in acetone and weighed. Weight loss measurements were conducted on rectangular mild steel and aluminium coupons of dimension 2cm x 4cm x 0.2cm, immersed in 200 ml of test solutions. The coupons were retrieved at 24-h interval progressively for 5 days. At the end of each immersion time interval, the coupons were retrieved and immersed in 20% NaOH solution containing 200g/L of zinc dust, scrubbed with bristle brush, washed, dried and reweighed. This was done to stop further corrosion reaction. The weight loss was calculated as the difference between the final weight at a given time and the initial weight. The values recorded were mean values of triplicate determinations. Thereafter, the values of corrosion rate were calculated from the following equation [24] :
where W is the weight loss in gram (g), ρ the density of the mild steel coupon (g/cm 3 ), A the exposed surface area of the coupon (cm 2 ) and t the exposed time (h).
The percentage inhibition efficiency ( I.E.% ) was calculated using the equations:
where CR inh and CR blank are corrosion rates in the presence and absence of inhibitor respectively.
Electrochemical tests were carried out in a conventional three-electrode configuration with graphite rod as counter electrode and saturated calomel electrode (SCE) as the reference electrode. The working electrode (1cm 2 surface area) was immersed in the test solution and after establishing a steady state OCP (open circuit potential), the electrochemical measurements were carried out in a computer controlled electrochemical workstation (VERSASTAT3 Model). Electrochemical impedance spectroscopy (EIS) measurements were carried out in frequency range of 10 KHz to 10 Hz with amplitude of 10mV using a.c. signals at open circuit potential. The potentiodynamic polarization curves are obtained in the potential range −250mV to +250mV for mild steel and250mV to +1600mV for aluminium with a sweep rate of 0.5 mV/s -1 .
Quantum chemical computations were performed using the density functional theory (DFT) electronic structure programs -Forcite and DMol 3 as contained in Materials Studio 4.0 software (Accelrys Inc.). The electronic structure of HEC on Fe and Al surfaces was modeled by means of the DFT electronic structure program DMol 3 . Electronic parameters for the simulation include restricted spin polarization using DNP basis set and Perdew Wang (PW) local correlation density functional. The distribution of frontier molecular orbitals, namely, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and chemical reactivity were evaluated by taking into account the Fukui indices. Fe (1 1 0) was chosen to simulate the adsorption process of HEC on mild steel and Al (1 1 0) for aluminium. The molecular dynamics simulation was performed at 298 K using NVE ensemble, with a time step of 0.1 fs and simulation time of 50 ps.
RESULTS AND DISCUSSION

Weight Loss Measurements
A number of mechanistic studies on the anodic dissolution of iron in acidic sulphate solutions have been undertaken, and the hydroxyl accelerated mechanism proposed initially by Bockris and Drazic [25] and reported by Oguzie [26] has gained wide acceptance:
FeOH ads
As a consequence of these reactions, including the high solubility of the corrosion products, the metal loses weight in the solution. Corrosion inhibition is initiated by the displacement of adsorbed water molecules by inhibitor species leading to the specific adsorption of the inhibitor on the metal surface [2] .
The calculated values of corrosion rates and inhibition efficiencies for mild steel and aluminium dissolution in 0.5 M H 2 SO 4 from weight loss measurements are presented in Tables 1 and 2 respectively. The inhibition efficiency of HEC on mild steel corrosion in 0.5 M H 2 SO 4 is illustrated in Fig. (1) . The plots show that inhibition efficiency increased with increasing concentration of HEC. The maximum inhibition efficiency is 93.99% at 2000 mg/L HEC.
Naturally, aluminium has self-protective oxide film. When in aggressive solution such as sulphuric acid, the stability of the passive film is interfered, rendering it less protective and allowing the molecules of the corrodent to diffuse to the active sites on the aluminium surface. Inhibition or retardation of corrosion is achieved by incorporating compounds that have the capability to deactivate the corrodents and reducing their rate of diffusion to the metal surface. Sequel to the mechanistic approach reported above by Oguzie, Ashassi-Sorkhabi and Nabavi-Amri [27] proposed the following mechanism involving two adsorbed intermediates to account for the retardation of Fe anodic dissolution in the presence of an inhibitor:
where Y represents the inhibitor system. If we consider the non-homogeneous nature of metal surfaces arising from the existence of lattice defects and dislocations, a corroding metal surface is generally characterized by multiple adsorption centres having activation energies and heats of adsorption. Inhibitor molecules may thus be adsorbed more readily at surface active sites having suitable adsorption enthalpies. Considering the detailed mechanism above, displacement of some adsorbed water molecules on the metal surface by inhibitor species to yield the adsorbed intermediate FeY ads (Eqn.4c) lowers the amount of the species FeOH -ads available for the rate-determining steps and resultantly suppresses Fe anodic dissolution.
Further inspection of the plots (Figs. 1, 2) shows the variation of inhibition efficiency against immersion time. It is found that IE% increases gradually with time for both mild steel and aluminium dissolution in 0.5 M H 2 SO 4 solution. 2) shows that for 2000 mg/L HEC, the trend possibly suggests higher IE% at t (time) less than 24-h. This result corroborated the EIS findings. This behaviour is consequent upon the fact that polymer dissolution is a gradual process, and it takes time for the HEC molecules to be fully solvated. As the solvation increases with time, the dispersion of the HEC molecules enabled their adsorption onto the metal surfaces. Hence, there is geometric blocking or deactivation of the active sites, leading to increase in inhibition efficiency.
Electrochemical Impedance Spectroscopy Results
The effect of HEC on the corrosion behaviour of mild steel and aluminium in 0.5 M H 2 SO 4 was studied by EIS measurements at room temperature after an exposure period of 30 minutes (time take to reach open circuit potential) and results are presented in Table 3 .
Figs. (3, 4) show the Nyquist plots of the impedance data as depressed capacitive semicircles. The diameter found by the intercept of each of these loops and the horizontal Z real axis is related to the charge transfer resistance ( R ct ). The value of charge transfer resistance obtained is a measure of electron transfer across the metal/solution interface and is inversely proportional to corrosion rate. Hence, a large R ct value indicates strong resistance against corrosion. R ct values were obtained after modeling the impedance data using an appropriate equivalent circuit [R(Q)R] contained in ZSimpWin3.21 software. The inhibition efficiency was calculated from the relation shown in equation (5):
where R ct and R ct inh are the charge transfer resistance without and with addition of inhibitor respectively. into the film especially through defect sites with low ionic resistance. The incorporated molecules form high resistive compounds [28] [29] [30] . Since the anodic reaction rate is determined by the diffusion of ions through the surface film it can be reasoned that the formation of resistive compounds in the film gave rise to the increase in the charge transfer resistance which is responsible for inhibition. However, in the presence of HEC+ KI, the R ct value decreased. Correspondingly, the thickness of the interfacial layer decreased, leading to reduction of the inhibition efficiency. This result explains that KI acted antagonistically with HEC.
Inhibition efficiencies of 73.06% and 92.73% were obtained on mild steel by HEC and HEC+ KI respectively, while HEC gave 84.18% IE and HEC+KI, 25.43% for aluminium dissolution in sulphuric acid solution.
These results suggest inhibition performance of HEC on corrosion of mild steel and aluminium in the acid solution. This observation shows that the corrosion of mild steel and aluminium in acid solution is mainly controlled by a charge transfer process [19] . The deviation from ideal semicircle is generally attributed to the frequency dispersion as well as to the surface irregularity of the metals. This disparity could be explained by non-ideal behaviour of double layer as a capacitor. Therefore, it is necessary to use a constant phase element, CPE instead of double layer capacitor to account for non-ideal behaviour. The CPE is defined in impedance form as [36] :
where A is the CPE constant, ω is the angular frequency (rad/s), j 2 = -1 is the imaginary number and n is a CPE exponent which can be used as a measure of the heterogeneity or roughness of the surface. The double layer capacitance values were calculated using the expression:
The impedance data for the Nyquist plots were appropriately analyzed by fitting to the equivalent circuit R s C dl R ct ( ) , (Fig. 5) which has previously been used to model Fe/acid or Al/acid interface [26, 28, 36] . The corresponding electrochemical parameters given in Table 3 reveal that incorporation of HEC into the acid corrodents caused the charge transfer resistance to increase, while reducing the double layer capacitance. This effect becomes more pronounced on addition of KI to HEC, for mild steel corrosion whereas the addition of KI to HEC showed antagonistic effect for aluminium dissolution. The increase in the R ct values points toward enhanced corrosion resistance due to the corrosion-inhibiting potential of HEC. The decrease in C dl values, resulting from a decrease in the dielectric constant and/or increase in the interfacial thickness, can be attributed to the adsorption of HEC onto the metal/solution interface and reduces the corrosion rate of the metals in the acid corrodent. This assertion can be justified by Helmholtz model [36] which is given as
where ε and ε o are the dielectric constant of the medium and permittivity of vacuum respectively, while A is the surface area of the electrode and δ the thickness of the adsorbed interfacial layer.
Potentiodynamic Polarization Results
The calculated values of polarization parameters are presented in Table 3 . Fig. (6) presents the anodic and cathodic polarization curves for mild steel corrosion in 0.5 M H 2 SO 4 in the absence and presence of HEC and HEC + KI. The plots indicate that the anodic and cathodic reactions in the blank acid follow Tafel's law. The inhibited solution containing 2000 mg/L HEC produced a pronounced effect shifting the E corr in the anodic direction and a very high inhibiting effect was observed on the anodic reaction sites. For inhibited solution containing 2000 mg/L HEC + 500 mg/L KI, E corr was not notably affected while the cathodic and anodic branches were shifted to lower values of corrosion current, though the former effect was more pronounced. These results indicate that HEC+KI is a mixedtype inhibitor with predominant cathodic effect. 7) illustrates the anodic and cathodic polarization curves of aluminium dissolution in 0.5 M H 2 SO 4 in the presence of HEC and HEC+KI. The polarization behaviour of Aluminium in the presence of HEC and HEC + KI shows two distinct conflicting effects. In the anodic region, the inhibitor systems obviously interfered with the stability of the passive film, rendering it less protective, with the resultant increase of the anodic current density. This effect is very much pronounced in the presence of KI due to the well known adverse influence of halogens on passivity. The inhibitor systems however exert an inhibiting effect in the cathodic domain, thereby reducing the cathodic current density. This cathodic inhibiting effect is thus responsible for the overall inhibiting effect of the HEC and HEC+KI as observed from weight loss and impedance measurements. From point of view of corrosion inhibition performance, it could be reasoned that the presence of the passive oxide film interferes with (or actually restricts) HEC adsorption under the given conditions, thereby limiting the inhibiting effect to more cathodic potentials where the absence of oxide film would allow the formation of a polymeric film of HEC.
Adsorption Consideration
The adsorption of an organic inhibitor on the surface of the corroding metals observed from the impedance data may be regarded as a substitution process between the inhibitor and water molecules adsorbed on the metal surface. Addition of inhibitor molecules adsorbs on the metal surface and interaction between them can be described by adsorption isotherms [31] . HEC adsorption on mild steel surface was found to follow the adsorption isotherm of Freundlich, given by equation (9):
The plot of log θ versus log C gives a straight line (Fig.  8) indicating that the adsorption of HEC on mild steel surface from 0.5 M H 2 SO 4 follow Freundlich isotherm. Adherence to Freundlich isotherm is further evidence of the adsorption of HEC on the mild steel surface. The adsorption of HEC on aluminium was found to follow Langmuir isotherm which is based on the assumption that all adsorption sites are equivalent and that particle binding occurs independently from nearby sites being occupied or not [32] . A correlation between surface coverage (θ) and the concentration (C) of inhibitor in the electrolyte can be represented by the Langmuir adsorption isotherm:
where K is equilibrium adsorption constant. The linear plot obtained in Fig. (9) indicates that the adsorbing HEC species occupies typical adsorption site at the metal/solution interface [33] . In general, K, the equilibrium adsorption constant, represents the adsorption power or binding strength of the inhibitor molecule on the metal surface. Results from Figs.  (8, 9) show that K values are 1.07 and 0.70 for aluminium and mild steel respectively. The positive values confirm the adsorbability of HEC on the metal surfaces.
Effect of Temperature
To evaluate the effect of temperature on corrosion and corrosion inhibition process, weight loss measurements were performed at 10 K intervals in the temperature range 303 -333K in uninhibited acid (0.5 M H 2 SO 4 ) and in inhibited solutions containing 500 mg/L and 2000 mg/L HEC for mild steel and aluminium dissolution in 0.5 M H 2 SO 4 . The results obtained are shown in Figs. (10, 11) for mild steel and aluminium respectively. Increase in temperature, increased the inhibition efficiency and this suggests chemical adsorption mechanism [35] . The relationship between the corrosion rate ( CR ) of mild steel and aluminium in acidic medium and temperature (T) is often expressed by the Arrhenius equation:
E a is the activation energy, A the preexponential factor and R the universal gas constant. The variation of logarithm of corrosion rate with reciprocal of absolute temperature for mild steel and aluminium is shown in Fig. (12) . The calculated values of E a are presented in Table 4 . Addition of HEC is seen to decrease the apparent activation energy for the corrosion reaction in 0.5 M H 2 SO 4 , implying that the compound is more effective at high temperatures. According to Dehri and Ozcan [34] the relationship between the temperature dependence of inhibition efficiency of HPMC inhibitor and the activation energy found in its presence was given as follows: i).
For the inhibitors whose IE% decreases with increasing temperature, the value of activation energy found is greater than that in the uninhibited solution ii). For the inhibitors whose IE% does not change with temperature variation, activation energy does not change with the presence or absence of inhibitors iii). For the inhibitors whose IE% increases with increasing temperature, the value of activation energy is less than that in the uninhibited solution.
However, Oguzie, et. al. [35] reported that decrease in IE% with increasing temperature is an indication of physical adsorption whereas increase in inhibition efficiency with rise in temperature suggests chemical adsorption mechanism. 
Computational Details
Quantum Chemical Computation
The motivation for the computational studies is to gain insight into the theoretical framework in which to recognize the relationships between electronic structure and corrosion inhibition performance. Density functional theory (DFT) computations were thus performed to model the electronic structure of HEC. The effectiveness of inhibitors with different chemical structures have been correlated with the quantum chemical parameters such as energy of HOMO (Highest Occupied Molecular Orbital), LUMO (Lowest Unoccupied Molecular Orbital) and the energy gap between the LUMO and HOMO (ΔE = E LUMO -E HOMO ) [36] . High HOMO values are associated with the capacity of a molecule to donate an electron to an appropriated acceptor with empty molecular orbital, which facilitate the adsorption process and therefore indicates better performance of the corrosion inhibitor. E LUMO corresponds to a tendency for electron acceptance usually from the metal surface atoms. Based on this, the calculated difference (E LUMO -E HOMO = 5.45eV) demonstrates inherent electron donating ability and measures the interaction of the inhibitor molecule with the metal surface. The electronic structure of HEC, the molecular orbitals and Fukui indices have been modeled in order to establish the active sites as well as local reactivity of the molecule.
The geometry optimized structure of HEC molecule, HOMO and LUMO orbitals, Fukui function and the total electron density are depicted in Fig. (13) . The HOMO and LUMO energies for HEC were -5.589eV and -0.139eV respectively. The high value of E HOMO suggests that HEC has high capacity to be readily adsorbed on the metal surface. The ΔE value (5.45 eV) again indicates high reactivity of the molecule with respect to adsorption on the mild steel and aluminum surfaces. Local reactivity was analyzed by means of the Fukui indices (FI) to assess reactive regions in terms of nucleophilic and electrophilic behaviour. Thus, the site for nucleophilic attack will be the place where the value of F + is maximum which corresponds to the HOMO locations. In turn, the site for electrophilic attack is controlled by the value of F -which coincides with the LUMO locations.
Molecular Dynamics (MD) Simulation
Molecular dynamics (MD) simulation was also performed to understudy the interaction between the HEC inhibitor molecule and the corroding metal surface to probe the inhibitor adsorption process at the molecular level. Simulations were performed using Forcite quench molecular dynamics in the MS modeling 4.0 software, to sample many different low energy minima and to determine the global energy minimum. Fig. (14) shows different conformations of the lowest energy adsorption model for a single HEC molecule on Fe (1 1 0) and Al (1 1 0) surfaces from the simulation.
The corresponding adsorption energies were computed as follows:
The obtained values were -119.5 and -52.80 eV for HEC adsorption on mild steel and aluminium respectively. The adsorption values of HEC on mild steel and aluminum suggest that HEC should normally be strongly adsorbed more readily on a corroding mild steel surface than on the aluminum surface. The lower adsorption rate of aluminium could be related to the passive oxide film formed on the aluminium surface in the test solution, which interacts more favourably with active sites on the aluminium surface and renders them unavailable for inhibitor adsorption. Therefore, any observed corrosion inhibiting effect will result from simple geometrical blocking of the cathodic sites on the aluminium surface. Corroborating the experimental results, the theoretical studies undertaken show that the adsorption energy of HEC on mild steel surface is more exothermic, indicating higher inhibiting reaction than on aluminium surface.
CONCLUSIONS
Hydroxyethyl cellulose was examined as corrosion inhibitor for mild steel and aluminium in 0.5 M H 2 SO 4 solution. The compound was found to inhibit the corrosion process by adsorption on the metal/solution interface. Inhibition efficacy increased with rise in temperature while the apparent activation energy decreased in the presence of inhibited systems, which suggest chemical adsorption mechanism. Inhibition efficiency was also found to depend on the concentration of inhibitor. HEC was more effective in mild steel than in aluminium. Polarization studies show that HEC is a mixed-type inhibitor for mild steel corrosion while it only inhibited cathodic reaction of aluminium. Decrease in the values of double layer capacitance with corresponding increase in interfacial layer is a clear confirmation of adsorption of HEC on the metal surfaces. Adsorption of HEC on the metal surface followed Langmuir and Freundlich isotherms for aluminium and mild steel respectively. Quantum chemical calculation was performed to describe adsorption of HEC at a molecular level. The quantum chemical descriptors show that HEC should be readily adsorbed on the corroding mild steel and aluminium surfaces. 
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